Abstract: Formation evaluation is a critical requirement in oil and gas exploration and development projects. Although it may be costly, wireline logs need to be acquired to evaluate and understand the subsurface formation. Gamma ray and resistivity are the two main well-log data used for formation evaluation purposes. However, outside the well, formation evaluation becomes difficult, as these logs are not available. Hence, it is important to have other data equivalent to the gamma ray or resistivity logs, which can be derived from other technique, such as seismic data. As a consequence, the dependency on well-log data can be avoided. Thus, the complexity in formation evaluation outside the well, such as the determination of facies, lithology, and fluid content, as well as petrophysical properties can be solved accurately even without well-log data. The objective of this paper was to demonstrate an application of the SQp and SQs attributes for facies classification. These attributes were derived from attenuation attributes through rock physics approximation by using basic elastic properties: P-wave, S-wave, and density. A series of tests were carried out to show the applicability of these attributes on well-logs and real seismic data from offshore the Malaysia Peninsular. Simultaneous inversion was used in the data sets to produce the three-dimensional (3D) SQp and SQs attributes required as inputs of a neural network engine in defining the facies distribution. The results showed that the SQp attribute was very similar to the gamma ray, while the SQs attribute was similar to the resistivity responses even in different reservoir conditions, including low resistivity low contrast and coal masking environment. In conclusion, the SQp motif, which is similar to the gamma ray motif, can potentially be used for facies classification/identification. Together with the SQs attribute, the SQp attribute can be used as input for the facies classification workflow. The application of the SQp and SQs attributes successfully identified the gas sand distribution and separated it clearly from the brine distribution in an offshore Malaysian field.
Introduction
Facies classification is a challenging, but necessary, step in formation evaluation analysis and reservoir characterization. Its purpose is to distinctly define the subsurface geology and build a better understanding of the depositional environment of the area. The resultant facies classification model characterizes the distribution of facies and the elastic properties of rocks. The facies model can lead to the construction of the depositional environment of the study area.
The identification of lithology and facies on the well domain are evaluated based on the petrophysical property logs, such as sonic, density, neutron, spontaneous potential (SP), gamma ray, and resistivity [1] . Various algorithms have also been proposed to improve the facies classification, especially for vertical and lateral facies distribution. McCreery and Al-Mudhafar [2] successfully classified the lithology of an oil field in the Texas Basin by applying a partitioning algorithm on well-log data to predict uncored data for better permeability and porosity relation. Utilization of supervised and unsupervised pattern recognition techniques are commonly used to generate a three-dimensional (3D) facies map by integrating seismic data [3] .
Gamma ray and resistivity are primary well-log data that should be provided during wire logging for formation evaluation purposes. The gamma ray log is extremely useful for the correlation and evaluation of the shale content of a formation and lithology analysis. Even though the gamma ray is not unique per defined lithology, combining the gamma ray with other logs provides correct information about the formation. After the identification of the main lithology, the gamma ray log can be used as a shale line to estimate the volume of shale and discriminate the reservoir from non-reservoir rock. Many petrophysicists depend on the gamma ray log to define the sand/shale formation as the shale line will not change drastically with depth. Thus, gamma rays can also be used to predict the litho-facies and depositional environment. The different motifs or shapes of the gamma ray log can be associated with different depositional environments [4] . The resistivity log is used to identify the permeable zones, discriminate hydrocarbons from the water saturated zone, determine water saturation, estimate moveable hydrocarbons, determine the resistivity porosity, and correlate the strata [5] . The resistivity log is sensitive to the fluid type, and hence it is also used as a fluid indicator. Variations of lithology, porosity, and saturation can be related to seismically derived P and S velocities and density [6] .
In the current technology, both gamma ray and resistivity logs are recorded from wireline logging measurements. It is still difficult to obtain the perfect pseudo logs of gamma ray and resistivity from elastic properties that can be derived from seismic data. However, numerous efforts have been proposed to approximate the attributes for lithology and fluid indicators. Amplitude Versus Offset (AVO) technology, including the AVO rotation technique is one of the methods that can approximate the resistivity log and gamma ray log by performing rotation or projecting the data into certain angles [7, 8] . Timko [9] applied the seismic rotation technique to produce a pseudo gamma ray log to solve the problem of sand/shale interbedding in the lower Cretaceous of Near Base Cretaceous (NBC). The prediction of resistivity from elastic properties has also been practiced. Xu and Duta [10] used both P and S waves to predict resistivity, which can be derived from seismic inversion result. However, in some cases, an optimum result is still difficult to achieve due to the correlation issue.
It is very challenging to obtain responses equivalent to the gamma ray and resistivity data that can be derived from elastic properties. Once obtained, all of the seismic data can be converted into pseudo gamma ray and resistivity logs, hence further analyses based on resistivity and gamma ray logs can be undertaken in 3D or four-dimensional (4D) by utilizing the seismic data.
The objective of this paper was to determine the feasibility of the alternative attributes that are derived from basic elastic properties (Scale of Quality Factor of P, SQp and S wave, SQs) that are equivalent to the gamma ray and resistivity response for facies classification/identification. The testing and results of the application of these attributes for advanced analyses on Malaysian offshore data are discussed below.
Materials and Methods
Using well-log data, litho-facies can be identified with relative confidence at cored wells through defining cutoffs in well-logs. The integration of the well-log and seismic data for facies classification is useful as both data complement each other. The well-log response is associated with different litho-facies and depositional environments, whereas seismic data is associated with the lateral distribution of facies. By calibrating the well-log data interpretation to the seismic data interpretation, a relationship where the litho-facies distribution can be predicted between the wells and extrapolated away from wells can be established. The workflow for the facies classification is explained in Figure 1 . However, the convolution effects in the log measurement may lead to challenges in facies recognition and inaccuracy of the data evaluation. SQp and SQs attributes that are equivalent to the gamma ray and resistivity log response were applied as an alternative solution for facies prediction/classification in this study. The calculated SQp and SQs attributes were tested on well-logs and seismic data to verify their practicability for facies classification.
Attenuation properties estimated through rockphysics approximation have been introduced by Mavko et al. [11] , who used a model of plane wave propagation in the viscoelastic medium, as governed by the Kramers-Kronig relation. By using the Hudson Crack Theory, the inverse Quality factor of the P and S waves (Qp and Qs) were defined in terms of bulk and shear modulus. To simplify the dependency of the equation on attenuation parameter, the SQp and SQs attributes are developed. The SQp and SQs are formulated, as in [12] :
where M/G is the ratio of bulk and shear modulus that can be approximated from the P-wave and Swave velocity ratio [11] . Equation (1) shows that all of the parameters in this equation can be calculated directly from the seismic inversion result with density and Vp/Vs as inputs.
To test the effectiveness of these attributes in determining the lithology and fluid effect, well-log data were used to calculate the attributes from the density, sonic, and shear logs. The results were compared with the gamma ray and resistivity logs to examine the equivalency. All of the data sets were from the Malaysian offshore. In 3D, the SQp and SQs are calculated from basic elastic properties namely, density, Vp, and Vs, which are obtained from the seismic inversion result using Equation (1) . The SQp and SQs are then used as inputs in the facies classification workflow.
To implement the SQp and SQs attributes in real seismic data, a data set consists of: near, mid, and far seismic stacks and well data are used as input for the simultaneous inversion. The Constrained Sparse Spike Inversion method (CSSI) was utilized during simultaneous inversion to obtain the basic elastic impedance of P-imp, S-imp, and density. The 3D SQp and SQs attributes were then calculated from the inversion result using Equation (1) . The Probabilistic Neural Network (PNN) was used to classify the lithology in the horizon of interest. Derived attributes consisting of SQp, SQs However, the convolution effects in the log measurement may lead to challenges in facies recognition and inaccuracy of the data evaluation. SQp and SQs attributes that are equivalent to the gamma ray and resistivity log response were applied as an alternative solution for facies prediction/classification in this study. The calculated SQp and SQs attributes were tested on well-logs and seismic data to verify their practicability for facies classification.
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To implement the SQp and SQs attributes in real seismic data, a data set consists of: near, mid, and far seismic stacks and well data are used as input for the simultaneous inversion. The Constrained Sparse Spike Inversion method (CSSI) was utilized during simultaneous inversion to obtain the basic elastic impedance of P-imp, S-imp, and density. The 3D SQp and SQs attributes were then calculated from the inversion result using Equation (1) . The Probabilistic Neural Network (PNN) was used to classify the lithology in the horizon of interest. Derived attributes consisting of SQp, SQs and their ratios were used as a main input for the implementation of the workflow, which involved three wells in the training stage and cross validation.
Results

Testing Attribute on Well-Logs Data
First, the SQp and SQs attributes on well-logs data from the Malaysia offshore were tested. The results showed that the response of the SQp attribute was similar to the gamma ray log, while the SQs attribute showed a similarity to the resistivity log ( Figure 2 ). These attributes were not only similar to the gamma ray and resistivity logs, but the SQp and SQs responses were also similar to the petrophysical i.e., porosity and water saturation logs, respectively.
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The feasibility of using SQp and SQs attributes for facies classification was demonstrated. A simultaneous inversion was performed to obtain the basic elastic properties. All of the parameters on the SQp and SQs formulation could be obtained directly from the simultaneous inversion, as shown in Equation (1) . These attributes were applied as the input for the facies classification workflow. Figure 5 shows a well correlated and lithology map where the gas sand (red) was easily distinguished from the wet sand (blue).
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The feasibility of using SQp and SQs attributes for facies classification was demonstrated. A simultaneous inversion was performed to obtain the basic elastic properties. All of the parameters on the SQp and SQs formulation could be obtained directly from the simultaneous inversion, as shown in Equation (1) . These attributes were applied as the input for the facies classification workflow. Figure 5 shows a well correlated and lithology map where the gas sand (red) was easily distinguished from the wet sand (blue). 
Conclusions
A new tool for generating pseudo gamma ray and resistivity logs from elastic properties was successfully developed. These pseudo gamma ray and resistivity logs, SQp and SQs, can be used to identify the lithology and classify facies. The application of these tools on well-logs data showed that SQp had a similar response to gamma rays, and that SQs was similar to the resistivity log. Given these similarities, in the future, the SQp and SQs attributes can be used to replace the gamma ray log and resistivity log, respectively, for the same purposes, for example, facies classification, formation evaluation, reservoir characterization, and petrophysical properties prediction. It is also possible to extend the application of these attributes to other cases, such as the carbonate reservoir, fractured basement reservoir, and over pressure prediction. The application can be implemented in any field both inside and outside Malaysia. However, further investigation is still needed to examine and extend the application of these attributes for different purposes.
